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The experimental realization of many-body entangled states is one of the main goals of quantum
technology as these states are a key resource for quantum computation and quantum sensing. How-
ever, increasing the number of photons in an entangled state has been proved to be a painstakingly
hard task. This is a result of the non-deterministic emission of current photon sources and the
distinguishability between photons from different sources. Moreover, the generation rate and the
complexity of the optical setups hinder scalability. Here we present a new scheme that is compact,
requires a very modest amount of components, and avoids the distinguishability issues by using
only one single-photon source. States of any number of photons are generated with the same con-
figuration, with no need for increasing the optical setup. The basic operation of this scheme is
experimentally demonstrated and its sensitivity to imperfections is considered.
The majority of quantum information protocols re-
quire entanglement between different subsystems of a
quantum state[1]. For example, the demonstration
of a useful quantum computer, will involve the con-
trolled entanglement of probably thousands of quan-
tum elements[2]. This has been proved so far to be a
very hard task, especially with photons whose genera-
tion rates decrease exponentially with their numbers[3].
This task is simplified when several single photon sources
are combined on an optical chip through integrated
waveguides[4], but the required complete indistinguisha-
bility between all of the sources is hard to achieve[5–10].
The highest numbers of entangled photons were created
by combining polarization entangled photon pairs from
several parametric down-conversion (PDC) sources[3].
Nevertheless, in order to increase the number of entan-
gled photons, more sources, entangling operations, and
matching delay lines are required. In addition, extremely
low state detection rates were observed, due to the prob-
abilistic nature of PDC, where typical photon-pair gen-
eration probabilities are of few percents. Previously,
we demonstrated an approach that simplified this setup,
such that only a single entangled photon pair source and
a single delay line are required, regardless of the size of
the generated state[11]. This setup still suffers from low
generation rates, as it also uses PDC.
In this work we present a new scheme that generates
multi-photon linear cluster states[12]. The scheme is
using single photon sources[13], where on-demand op-
eration is almost achieved[14–17], and a single delay
line in a loop arrangement. Thus,the amount of re-
sources is reduced to only one single-photon emitter and
one entangling gate. Such delay loops were previously
used in schemes where quantum information is time-bin
encoded[18, 19]. The use of only a single source sim-
plifies the efforts for indistinguishability, removing the
need for fine and stable spectral tuning of the different
sources[10, 20–22]. Nevertheless, consequent emissions
still require indistinguishability. The typically long co-
herence times of such sources compared to PDC sources,
imply even lower sensitivity to the length of the delay
line. Furthermore, these sources’ narrow spectral widths
enable the use of optical fibers, which can not be used in
the case of PDC photons due to dispersion induced dis-
tinguishability. This scheme requires a photon-photon
entangling operation. Although there are many efforts
to demonstrate a device with such interaction, there is
still no practically satisfying demonstration[23–27]. Cur-
rently, the most efficient way to entangle the polarization
of two photons is by post-selection of the state after pass-
ing through a polarizing beam-splitter (PBS)[28]. The
post-selection step introduces a 50% success probability,
but relatively high fidelities. Yet, whichever is the entan-
gling process that is used, our scheme only requires such
a single device.
The main principles of our scheme are presented in
Fig. 1. A single photon source emits a polarized photon
into position 1. The photon reaches a CNOT entangling
gate, but passes it through with no effect into the de-
lay loop at position 2. Inside the loop, the photon is
rotated by 45◦ with a half-wave plate and arrives to po-
sition 3. Synchronized with the second arrival of this
photon to the entangling gate, the single photon source
is triggered again such that the two photons are simulta-
neously entering both input ports of the entangling gate
at positions 1 (target) and 3 (control). The CNOT gate
generates entanglement between the photon that has left
the loop and the other one that is still inside it. After
the photon inside the loop is rotated by the wave plate,
the source is synchronously triggered for the third time.
This time, the entangling operation combines the new
photon with the previous state and creates a three pho-
ton GHZ state[29] Continuing this process successively,
results in an ever growing chain of entangled photons in a
linear cluster state. The delay loop serves as a quantum
memory that connects between generations, in a similar
way to the entangled single-photon quantum dot source
of the proposal in Ref. 30.
The output stream of photons is analyzed at differ-
ent polarization bases by rotating the photon polariza-
2FIG. 1. A scheme for generating multi-photon cluster
states. A single-photon source emits photons consecutively
into an optical path, leading into a Sagnac-like loop. Inside
the loop there is a half-wave plate (WP) at 22.5◦, and its de-
lay time is matched to the time between consecutive photon
emissions. At the point of intersection of the optical paths,
a photon entangling operation entangles one photon from the
source and another from the delay line. One photon continues
into the delay loop and the other one further towards a po-
larization controller (PC), a polarizing beam splitter (PBS),
and detectors. The state is characterized by different detec-
tion sequences. See main text for more details.
tions with a polarization controller and detecting the
photons at the output ports of a PBS. By using fast Pock-
els cells, it is possible to change the projection direction
of some photons according to the previous measurement
outcomes of others. This procedure is called ’feed for-
ward’, and it is required for quantum computation pro-
tocols using graph states[31].
We have considered several possible causes for state
imperfections that can affect the presented scheme,
such as photon partial polarization degree, probabil-
ity to emit two photons simultaneously, imperfection of
the entangling gate, and distinguishability between the
photons[13]. The number of modes that a photon occu-
pies Nm =
1
1−g(2)0
can quantify distinguishability. The
’entanglement length’ was used to quantify the effects
of various imperfections. This measure is defined as
the length of the longest linear cluster, where the first
and last photons have positive concurrence after all oth-
ers were measured at the {|p〉 = 1√
2
(|h〉 + |v〉), |m〉 =
1√
2
(|h〉 − |v〉)} basis, where |h〉 (|v〉) represent horizontal
(vertical) polarization. Its dependence on the number of
modes is presented in Fig. 2[32].
Currently, adequate on-demand single-photon sources
are unavailable. Thus, we demonstrate our scheme using
a heralded periodic PDC source. The heralded source
generates two photons probabilistically. One photon is
immediately detected, announcing the presence of its
brother, which is the photon being used in the experi-
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FIG. 2. The entanglement length dependence on the
number of modes. The length of the longest generated
chain where entanglement can be measured between its two
end points. The minimal length 2 is attained for more than
∼ 2.41 modes. For chains of at least 10, 84, and 825 pho-
tons, no more than 1.2, 1.02, and 1.002 modes are allowed,
respectively.
ment (Fig. 3). Although this source is missing deter-
minism - a key advantage of the proposed scheme, it is
still instructive to demonstrate the basic operation of the
scheme and some of its challenges.
The entangling operation in this demonstration is by
post-selecting a single photon exiting each output port
of a PBS[28]. This non-unitary operation entangles pho-
tons not as the desired CNOT gate. Nevertheless, as the
source photon polarization is known, this difference has
no consequences. The post-selection condition is fulfilled
by requiring a sequential detection of photons. Whenever
two photons leave the PBS from the same output port,
there is a missing detection event. The PDC source can
simultaneously emit two pairs, or an extra pair before or
after the required sequence. Nevertheless, these are rare
higher order events with almost no effect.
By scanning the delay loop length (Fig. 3), distin-
guishability between the two photons is controlled. Max-
imal indistinguishability, and thus, nonlocal interference,
is achieved when the delay time matches the repetition
rate of the pump laser. At this length, the photons that
have already left the delay loop towards the detectors are
entangled with the last photon which is still inside the
loop. In order to detect entanglement, all photons should
be observed at the {|p〉, |m〉} basis by a half-wave plate
rotation. The last photon which is still in the loop is
observed by the first projecting PBS and the preceding
wave plate. If this photon is detected within the conse-
quent time slot, it was projected onto the |p〉 state, but
otherwise, its projection was onto |m〉.
3FIG. 3. The optical setup used for demonstration of
the scheme. A heralded single-photon source is used, and
the entangling operation is performed with linear optics and
post-selection. A nonlinear BaB2O4 is pumped by a 390 nm
double Ti:Sapphire laser.
The interference graphs of two and three photon states
are presented in Figs. 4 and 5, respectively. When dis-
tinguishability is removed, some polarization sequences
interfere constructively and some destructively. The two
photon state interference visibility is V2 = 66 ± 2% and
the three photon state visibility is V3 = 45±11%. We es-
timate that higher order events account for 5-10% of the
two photon visibility degradation, as well as imperfect
PBS performance. Nevertheless, spectral distinguisha-
bility is probably the major cause. Thus, it is possible to
use V2 to estimate the number of distinguishable modes
to be Nm =
1
V2
∼ 1.5, corresponding to an expected
three photon visibility of V3 = V
2
2 = 44%, and maximum
possible entanglement length of 5.
It is instructive to examine the prospects of currently
available sources. Recently, high levels of indistinguisha-
bility have been demonstrated[17, 22], corresponding to
possible entanglement lengths of 80 and 150 photons.
The second work reports also 0.65 collected photons per
pump pulse, suggesting the detection of a 32 photon event
every second for the 82MHz pumping rate. In prac-
tice, the overall collection and detection efficiencies of
these two works are below 1%, limiting the possible de-
tection rate to around 3-4 photon events every second.
However, this is in principle a technical limitation that
can be improved by better optics and detectors. Over-
all detection efficiency of about 5% has already been
achieved[33, 34], enabling a sixfold event detection every
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FIG. 4. Nonlocal interference visibility between two
entangled photons. A constructive (destructive) interfer-
ence is observed as the delay is scanned, for the |φ+〉 (|φ−〉)
state. The fourfold signal is composed of the detection of the
two heralding photons and the two entangled photons. Each
data point was integrated over 16minutes. Event rate was
of 1 Hz at an average pump power of 350mW . Errors are
calculated assuming Poisson distribution.
second. Additionally, considering almost perfect detec-
tion efficiency[35, 36], a 9 photon event can be detected
every second, and 12 every 6 minutes. The short life-
time of single-photon emitters compared to the repetition
rate enables photon sources that are pumped by faster
lasers[37].
In conclusion, we present a compact time-multiplexed
scheme for generating multi-photon linear cluster states,
which is realizable with current single-photon sources. It
holds promise for better scalability and less need for tun-
ability, and thus the possibility to achieve much larger
entangled multi-photon states than it is possible today.
A crucial component is a photon-photon entangling gate.
Currently, the most efficient gate is obtained by linear op-
tics and post-selection, but there are many efforts pursu-
ing exactly this goal. Finally, we should mention the pos-
sibility to append delay loops of different lengths. Such
combinations can generate cluster states of higher dimen-
sionality, and even graph states which are useful for the
one-way quantum computer scheme. We will describe
these options in a future publication.
Gate operation.
Following Fig. 1, a photon is set at the horizontally
polarized state |h〉 at position 1. The photon reaches
a CNOT entangling gate, but passes it through with no
effect into the delay loop at position 2. When the photon
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FIG. 5. Nonlocal interference visibility between three
entangled photons. A constructive (destructive) interfer-
ence is observed as the delay is scanned, for the 1√
2
(|φ+h〉 +
|φ−v〉) ( 1√
2
(|φ+h〉 − |φ−v〉)) state. The sixfold signal is com-
posed of the detection of the three heralding photons and
the three entangled photons. Each data point was integrated
over 34 hours. Event rate was of 1 per 35minutes at an aver-
age pump power of 550mW . Errors are calculated assuming
Poisson distribution.
reaches position 3, it is at the |p〉 state, after passing a
half-wave plate that rotates the polarization by 45◦.
Synchronized with the second arrival of this photon to
the entangling gate, the single photon source is triggered
again such that the two photons are simultaneously enter-
ing both input ports of the entangling gate at positions 1
and 3. Photons 1 and 3 are the target and control qubits,
respectively. The CNOT gate operation[32] entangles the
following states
|h1p3〉 → |φ+24〉 =
1√
2
(|h2h4〉+ |v2v4〉)
|h1m3〉 → |φ−24〉 =
1√
2
(|h2h4〉 − |v2v4〉)
|v1p3〉 → |ψ+24〉 =
1√
2
(|v2h4〉+ |h2v4〉)
|v1m3〉 → |ψ−24〉 =
1√
2
(|v2h4〉 − |h2v4〉) , (1)
thus, the |h1p3〉 state becomes the |φ+24〉 Bell state (in-
dices indicate the photon positions), and entanglement
is created between the photon that has left the loop and
the other one that is still inside it. After the photon
inside the loop is rotated by the wave plate, the source
is synchronously triggered for the third time, and the
three photon state is 1√
2
|h1〉 ⊗ (|p3h5〉 + |m3v5〉). This
time, the entangling operation creates the three pho-
ton entangled state 1√
2
(|φ+24h5〉 + |φ−24v5〉). This is a
three photon GHZ state[29], as it can also be written
as 1√
2
(|h2h4p5〉+ |v2v4m5〉).
In order to see the results of adding photons continu-
ously in a similar way, we examine just one more stage.
When a fourth photon is added after the photon po-
larization inside the loop is rotated, the state becomes
1√
2
|h1〉 ⊗ (|p3h5p6〉 + |m3v5m6〉). The entangling opera-
tion creates a four photon entangled state 1√
2
(|φ+24h5p6〉+
|φ−24v5m6〉), which is actually the linear cluster state
1
2 (|h2h4h5p6〉 + |v2v4h5p6〉 + |h2h4v5m6〉 − |v2v4v5m6〉).
In graph state language, also the two photon Bell state
and the three photon GHZ states are linear cluster states.
Thus, every additional photon is entangled to the end of
the current linear cluster state, extending it by one unit.
Interestingly, if the wave-plate in the delay loop is pulled
out after the first photon has already passed it, The con-
tinuously growing state is of the GHZ type [29]. This
pulling out can be achieved be realizing the wave-plate
with a Pockels cell.
Experimental PDC setup.
The heralded source generates two photons probabilis-
tically with the PDC process. As we use a PDC source
for polarization entangled photons, the generated pho-
tons are of horizontal or vertical polarizations randomly.
Respectively, we collect data for any sequence combina-
tion of input photon polarizations.
The entangling operation in this demonstration is us-
ing linear optical elements and post-selection [28]. The
optical elements are a PBS with a half-wave plate at 22.5◦
before one of the input ports. When combined with the
post-selection of a single photon coming out of each of the
two output ports, this combination entangles both the
|h1p3〉 and the |v1m3〉 states into the same |φ+24〉 state,
and the |v1p3〉 and the |h1m3〉 states into the |φ−24〉 state.
Maximal indistinguishability, and thus, nonlocal inter-
ference, is achieved when the delay time matches the
repetition rate of the pump laser. At this length, one
photon that has left the delay loop towards the detectors
is entangled with the other photon which is still inside
the loop. As the first photon which was emitted by the
single-photon source was required to pass the PBS into
the loop, it was projected onto the |h〉 state. Thus, this
photon’s original polarization has no consequences. The
polarization of the second emitted photon though, deter-
mines whether the final state will be |φ+〉 or |φ−〉. In
order to detect these two states, the polarization of both
photons should be observed at the {|p〉, |m〉} basis. The
first photon that has left the loop is thus rotated by a
half-wave plate and detected beyond a second PBS. The
polarization state of the other photon which is still in the
loop is observed differently. Luckily, the wave plate which
is already inside the loop rotates it to the right basis. Its
5measurement occurs at the first projecting PBS. If this
photon is projected onto the |h〉 state that corresponds
to |p〉 before the wave plate, it leaves the loop. As there
is another wave plate before the second PBS, it will be
detected at the next time slot by any one of the two de-
tectors, with equal probabilities. On the other hand, if
the second photon is projected onto the |v〉 state, it will
be delayed in the loop for another round, after which it
will have equal chances of leaving the loop or staying for
another round. Overall, if the second photon is detected
in the time slot right after the first one, it was projected
onto the |h〉 state, but if it is detected on any later time,
its projection was onto |v〉.
The three photon interference was observed at the
{|p〉, |m〉} basis in a similar way. Additional birefringent
phase of 90◦ was introduced inside the delay loop. See
Supplementary Material for further explanations[32].
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SUPPLEMENTARY INFORMATION
I. EFFECTS OF IMPERFECTIONS
In what follows we present a detailed analysis of the performance of our scheme under the effect of the main sources
of error. These include errors in the initial polarization state of the incoming photons, imperfection of the polarized
beam splitter used within the setup, non-ideal indistinguishability of photons, and the simultaneous emission of
two photons (instead of one photon) by the single-photon source. Specifically, we show how any of these errors
affects the performance of the scheme dependent on the number of photons and on the severity of the imperfection.
Our analysis considers the effect of each error source separately. Nevertheless, this provides us enough insight in
order to understand which are the main limiting factors of our scheme and what is the expected efficiency of the
implementation of our scheme using state of the art single-photon sources. We use three figures of merits in order
to quantify the performance of the scheme. The first figure of merit, which we denote by C1,N , is the concurrence
of the final two-qubit state of the first and last qubits, which is obtained after measuring all other qubits along the
yˆ axis. The second figure of merit, which we denote by L, characteristics the “entanglement length” of the obtained
N−qubit linear cluster state, and is defined as the length of the longest linear cluster state for which C1,N is still
positive. The third figure of merit, which is denoted by F , is the fidelity between the obtained N−qubit cluster
state and the ideal N−qubit cluster state. Formally, the three figures of merits are defined by
C1,N = C
(
Tr2,...,N−1
(
ΠyρΠy
Tr (Πyρ)
))
, (1)
L = max N s.t. C1,N > 0, (2)
F = 〈ψideal| ρ |ψideal〉 , (3)
where Πy = I1 ⊗
∏N−1
i=2
∣∣↑iy〉 〈↑iy∣∣⊗ IN , C is the concurrence, and |ψideal〉 is the ideal N−qubit cluster state.
A. Distinguishability of photons
The desired interference between two post-selected photons can be obtained with certainty only when the two
photons are identical in all of their non-polarization degrees of freedom. These include their frequency, spatial and
temporal modes. When the photons differ in some of their non-polarization degrees of freedom the probability of
interference is decided by the mean magnitude-squared overlap between the wave-functions of the photons, which
quantifies the photons‘ “probability of indistinguishability”.
Consider a single photon in a pure state, which can be described by
|ωi〉 =
ˆ +∞
−∞
dυφωi (υ) |υ〉 ,
where φωi (υ) is a normalized spectral amplitude function, such that
´ +∞
−∞ dυ |φωi (υ)|
2
= 1. The probability of
indistinguishability of two independent such photons is given by their squared overlap, Ii,j = |〈ωi|ωj〉|2 . Similarly,
for photons in a mixed state,
ρi =
ˆ +∞
−∞
dωif (ωi) |ωi〉 〈ωi| ,
where f (ωi) is a normalized probability distribution, such that
´ +∞
−∞ dωif (ωi) = 1, the probability of indistin-
guishability can be defined by their mean magnitude-squared overlap [2],
I = Tr (ρiρj) =
¨ +∞
−∞
dωidωjf (ωi) g (ωj) |〈ωi|ωj〉|2 .
2Indeed, the probability of indistinguishability coincides with the interference visibility of the Hong-Ou-Mandel
(HOM) dip. In an HOM experiment, the coincidence probability of two independent photons, ρi and ρj , is given
by
Pcc (δτ) =
1
2
(1− I (δτ)) ,
where I (δτ) =ˇ +∞−∞ dωidωjdυ1dυ2f (ωi) g (ωj)φ∗ωi (υ1)φωj (υ1)φ∗ωj (υ2)φωi (υ2) e−iδτ(υ2−υ1) is the probability of
indistinguishability of the two photons with a time delay of δτ between the arrival time of the photons at the beam
splitter. In terms of the initial states of the photons, the visibility is then given by [3]
V =
maxδτ Pcc (δτ) −minδτ Pcc (δτ)
maxδτ Pcc (δτ)
=
Pcc (∞)− Pcc (0)
Pcc (∞) = I (0) = I.
Note that as V = I = Tr (ρiρj) = Tr(ρ
2
i )+Tr(ρ2j)−2‖ρi−ρj‖2
2 , where ‖ρ‖2 = Tr
(
ρ†ρ
)
, it is clearly seen that the
probability of indistinguishability depends on both the purity of the states of the photons and their identicality.
In our experimental setup we considered polarization photonic states, which are entangled by the operation of a
PBS and post-selection. Following Mandel [4], we will now show that in our setup, as in an HOM experiment, the
probability of indistinguishability is related to normalized coincidence probability by
I = 1− g2p,m (0) ,
where g2p,m (δτ) is obtained from the normalized second-order correlation function by
g2p,m (δτ) =
¨ +∞
−∞
dtdτ
〈
E−p,3 (t)E
−
m,4 (t+ τ)E
+
m,4 (t+ τ)E
+
p,3 (t)
〉
〈
E−p,3 (t)E
+
p,3 (t)
〉 〈
E−p,4 (t+ τ)E
+
p,4 (t+ τ)
〉 ,
and E±i,j are the field operators corresponding to a photon with a polarization i at the location j. We note that for
the |p1p2〉 input state, the resulting post-selected state of two indistinguishable photons is the maximally entangled
state
∣∣φ+id〉 = 1√2 (|h3h4〉+ |v3v4〉), and we thus denote its density matrix,
ρid =
1
2


1 0 0 1
0 0 0 0
0 0 0 0
1 0 0 1

 ,
as the indistinguishable density matrix, where the rows correspond to the states |p3p4〉, |p3m4〉, |m3p4〉, and |m3m4〉.
Similarly, the resulting state of two fully distinguishable photons is given by the mixed state
ρd =
1
4


1 0 0 1
0 1 1 0
0 1 1 0
1 0 0 1

 .
A general resulting state,
ρ =


ρ11 0 0 ρ14
0 ρ22 ρ23 0
0 ρ32 ρ33 0
ρ41 0 0 ρ44

 ,
can therefore be decomposed as
ρ = pidρid + pdρd,
3where pid = I is the probability of indistinguishability, and pid + pd = 1. From this we conclude that
pid = ρ11 + ρ44 − ρ22 − ρ33.
The calculation of the normalized coincidence probability yields
g2p,m (0) =
Tr
(
a†p,3a
†
m,4am,4ap,3ρ
)
Tr
(
a†p,3ap,3ρ
)
Tr
(
a†m,4am,4ρ
) = 4ρ22 = pd,
and hence [? ],
I = 1− g2p,m (0) .
For example, in the case of a two-level system (TLS) single-photon source it can be shown that g2 (0) = 1− T22T1 , so
I = T22T1 [5]. In the case of heralded single-photons emitted by a SPDC setup, the probability of indistinguishability
is given by I = σint
σ
, where σ =
√
σ2int + σ
2
ext , σint is the (transform-limited) Gaussian width of the photon’s
spectrum (intrinsic width), and σext is the Gaussian width of the spectrum of the center frequency, resulting by
tracing out the state of the detected twin photon (extrinsic width) [2].
In terms of the post-selected state, the visibility (in the {p,m} basis) is given by
Vp.s = Tr (σz ⊗ σzρ) = ρ11 + ρ44 − ρ22 − ρ33 = I
and indeed, by the definition of Vp.s =
Psame−Popp
Psame+Popp
, where Psame (Popp) denote the probability that the two photons
arrive at the same (different) polarization, we have that Vp.s = P
max
same − Pminopp = 1− 2Pminopp = 1− (1− I (0)) = I.
The probability of indistinguishability can also be interpreted by modeling the photon’s state (of all of its other
degrees of freedom) as a mixd state of uniformly distributed (orthogonal) modes. In this case I is just the probability
that the two photons have the same mode, and hence, the “number of modes” is given by
Nm =
1
I ,
which also implies the relation
g2p,m (0) =
Nm − 1
Nm
.
In this picture, the post-selected process of the PBS can be described by
ε (ρ) =
1
Nm
ε0ρε0 +
Nm − 1
2Nm
(ε0ρε0 + ε1ρε1) ,
where ε0 = σ0 ⊗ σz + σz ⊗ σ0 describes the desired process, and ε1 = σ0 ⊗ σ0 + σz ⊗ σz, which means that the
process 12 (ε0ρε0 + ε1ρε1) takes the input polarization state |p〉1 |p〉2 to the (equally) mixed state of the output states|h〉3 |h〉4 and |v〉3 |v〉4. In Fig. 1 and Fig. 2 we plot C and F as a function of the number of photons for a fixed
number of modes, while in Fig. 3 and Fig. 4 we plot C and F as a function of the number of modes for a fixed
number of photons. L as function of Nm is shown in Fig. 2 in the main text.
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Figure 1. C as a function of the number of photons.
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Figure 2. F as a function of the number of photons.
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Figure 3. C as a function of the number of modes.
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Figure 4. F as a function of the number of modes.
6B. Polarization errors
Ideally, the initial polarization state of each photon which enters the setup is a |p〉 = 1√
2
(|h〉+ |v〉) state (|h〉 (|v〉)
represent horizontal (vertical) polarization and for further use we define |m〉 = 1√
2
(|h〉 − |v〉)}). However, errors
in the preparation will result in imperfect polarization states. These errors are usually caused by the presence
of entanglement between a photon’s polarization and its other degrees of freedom, or an entanglement between a
photon and its environment (as is the case in photons emitted by parametric down-conversion). We model these
polarization errors by a depolarizing quantum channel [1],
ε (ρ) = (1− p) ρ+ p
3
(σxρσx + σyρσy + σzρσz) ,
ρ is the density matrix, and assume that each photon undergoes a depolarizing channel before it enters the setup.
C1,N and F as function of the number of qubits for different values of p are shown in Fig. 5 and Fig. 6 respectively.
L as function of p is shown in Fig. 7.
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Figure 5. C1,N as a function of the number of qubits for different values of p (depolarizing channel).
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Figure 6. F as a function of the number of qubits for different values of p (depolarizing channel).
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Figure 7. L as a function of p (depolarizing channel).
Polarization errors can be compensated by adding a polarization filter. Of course, this will result in a better accuracy
but with a lower efficiency.
8C. Imperfect polarization beam splitter
An ideal PBS transmits only horizontally polarized photons and reflects only vertically polarized photons. In
practice, however, horizontally (vertically) polarized photons are also reflected (transmitted). For example, a
horizontally polarized photon which enters the PBS from the first input undergoes the transformation
|h〉1 → th |h〉3 + irh |h〉4 ,
where the indices 1 and 2 (3 and 4) represent the input (output) ports. Similarly, a vertically polarized photon
which enters the second input port undergoes the transformation
|v〉2 → tv |v〉4 + irv |v〉3 ,
where for an ideal PBS th = rv = 1, and rh = tv = 0. In our setup we consider the scenario in which one photon
enters the PBS from the first input port and another photon enters the PBS from the second input port. In addition,
the post-selection ensures that one photon leaves the PBS from the third port and one photon leaves the PBS from
the fourth port. The post-selected operation of the PBS is therefore given by the two-qubit transformation
TPBS =


t2h − r2h 0 0 0
0 thtv −rhrv 0
0 −rhrv thtv 0
0 0 0 t2v − r2v

 ,
where the first, second, third and fourth rows correspond to the input states |h1h2〉, |h1v2〉,|v1h2〉, and |v1v2〉
respectively. For typical PBS t2h = 0.95 and r
2
v = 0.99, and for high-performance PBS t
2
h = 0.98 and r
2
v = 0.995.
Plugging these values in TPBS we obtain C1,N and F as function of the number of qubits (See Fig. 8 and Fig. 9).
The entanglement lengths of the typical PBS and high-performance PBS are (due to the unitary operation involved
- a negligible amount of entanglement resides, in this calculation it is addressed with a numerical threshold of
C1,N > 10−2, which is set according to measurement accuracy) L = 75 and L = 185 respectively. We can therefore
conclude that the imperfection of the PBS is not a limiting factor in our scheme.
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Figure 8. Imperfect PBS - C1,N as a function of the number of qubits.
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D. A two-photon error
In this subsection we consider the case when the single-photon source emits two photons and hence, two photons
enter the setup and arrive at the PBS simultaneously. We assume that when two photons arrive at a detector
simultaneously one of the photons is lost and the other photon is detected (with an equal probability of each photon
to be lost or detected). It is easily verified that when only one photon enters the loop and two photons arrive at
the detector, the probability of a successful process is Psp = 2/3 .For simplicity, we deduce a lower bound on the
total success probability by assuming that whenever two photons enter the loop (except for the last round [? ]) the
probability of a successful process is zero.
Denote by p the probability that the single-photon source emits two photons. For an N -photon cluster state, the
probability that two photons will not be emitted at any round is (1− p)N , and the probability for a two-photon
emission in each of the rounds is therefore
(
1− (1− p)N
)
/N (assuming the occurrence of only one event of two-
photon emission during the generation of one cluster-state). Hence, we conclude that the total probability for a
successful process is bounded by
Ptotalsp ≥ (1− p)N +
(
1− (1− p)N
)
(N − 1)
N
1
3
+
(
1− (1− p)N
)
N
2
3
.
For commonly used single-photon sources p ≈ 0.01. In Fig. 10 we plot Ptotalsp as function of the number of qubits.
10
2 4 6 8 10 12 14 16
0.9
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
Probability of a  successful process
P
Number of photons
Figure 10. Lower bound on the probability for a successful generation of an N-qubit cluster state given a non-zero probability
(p = 0.01) for a two-photon emission by the single-photon source.
E. CNOT error
Most generally, our scheme is formulated such that the photons are entangled by a CNOT gate (See Fig. 1 in main
text). In this section we consider the effect of an error in the CNOT operation. We model the CNOT operation by
UCNOT =


1 0 0 0
0 1 0 0
0 0 cos
(
pi
2 + ǫ
)
i sin
(
pi
2 + ǫ
)
0 0 i sin
(
pi
2 + ǫ
)
cos
(
pi
2 + ǫ
)

 ,
where ǫ represents the error. An ideal CNOT gate is obtained when ǫ = 0. Averaging over ǫ is obtained by assuming
that in each execution of a CNOT gate the density matrix evolves such that with a probability of 1/2 an ideal CNOT
is executed, and with a probability of 1/2 a faulty CNOT with an error of epsilon is executed (for a given value of ǫ
this corresponds to an averaging of the error from zero to epsilon). In Fig. 11 and Fig. 12 we plot L as a function
of ǫ.
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II. GATE OPERATION
Following the main text and Methods section, the operation performed is described in the following way. We first
define the Hadamard transform matrix
H =
1√
2
(
1 1
1 −1
)
,
and the CNOT operation is
UCNOT =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

 ,
The gate operation described in Fig. 1 in the main text is
Ugate = (H ⊗H)−1 UCNOT (H ⊗H)
so when the first two photons arrive at paths 1 and 3, for example at the state |h1h3〉 (the other possibilities could
be found in the main text), the resulting state is
|φ〉 = Ugate (I2 ⊗H) |h1h3〉
where
I2 =
(
1 0
0 1
)
This process could be repeated n number of times and produces an entangled linear cluster state of n+ 2 photons.
The resulted n+ 2 (n > 0) state is
|φ〉n+2 =
(
Ugate ⊗ U{n}I
)(
(I2 ⊗H)⊗ U{n}I
) (|h〉 ⊗ |φ〉n+1)
where UI is defined in the following manner
U
{k+1}
I = I2 ⊗ U{k}I
U
{k}
I = 1 for k = 0.
We present, for clarity, the obtainable states from the gate operation up to n = 3 (five photon linear cluster state):
n = 0⇒ |φ〉2 =
1√
2
( |hh〉+ |vv〉) = ∣∣φ+〉
n = 1⇒ |φ〉3 =
1√
2
( |hhp〉+ |vvm〉) = |GHZ3〉
n = 2⇒ |φ〉4 =
1√
4
( |hhhp〉+ |hhvm〉+
|vvhp〉 − |vvvm〉)
n = 3⇒ |φ〉5 =
1√
8
( |hhhhp〉+ |hhhvm〉+ |hhvhp〉 − |hhvvm〉+
|vvhhp〉+ |vvhvm〉 − |vvvhp〉+ |vvvvm〉)
(4)
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III. EXPERIMENTAL INTERFERENCE MEASUREMENT
In order to observe the quantum correlation of the entangled state created, an interference measurement was
performed. This was obtained by measuring the visibility in the {p,m} basis.
For the case of two photon entanglement,where
∣∣φ+〉 = 1√
2
(|hh〉+ |vv〉)
is created (the appropriate subscripts denoting each photon could be found in the main text), a transformation to
the {p,m} basis would lead to
∣∣φ+〉 = 1√
2
(|pp〉+ |mm〉)
Detection in our scheme (see Fig. 3 in main text) comes after a projection measurement on the {h, v} basis and
four measurement coincidence outcomes are possible
Ppp, Ppm, Pmp, Pmm
which are normalized probabilities (the density matrix diagonal terms ρii). In the case of |φ+〉 the outcome would
read
Ppp = 0.5, Ppm = 0, Pmp = 0, Pmm = 0.5
The 2-photon visibility is defined as
V2 = Ppp + Pmm − (Ppm + Pmp)
For the case of three photon entanglement, a similar definition of visibility was required to observe the interference
of the state. Yet, when examining the resulted state
1√
2
(|φ+h〉+ |φ−v〉) = 1√
2
(|hhp〉+ |vvm〉)
a similar process of transformation, projection and detection would give 8 probabilities
Pppp, Pppm, Ppmp, Ppmm, Pmpp, Pmpm, Pmmp, Pmmm
that are all equal, thus the visibility V3 = 0 and would not be able to exhibit the existence of quantum correlations
as in the two photon case (this does not occur in linear clusters with higher even number of photons).
Overcoming this problem, without changing the measurement process, is possible by introducing a birefringent
phase ϕ in the delay loop. The created two photon state is
∣∣φi+〉 = 1√
2
(|hh〉+ eiϕ |vv〉)
following the gate operation on the third photon and an addition of the birefringent phase ϕ in the delay loop, the
three photon state is
1√
2
(|φi+h〉+ eiϕ|φi−v〉) = 1√
4
(|hhh〉+ eiϕ|vvh〉+ eiϕ|hhv〉 − ei2ϕ|vvv〉)
Examining the measurement outcome probabilities in the {p,m} basis gives two different dependencies on ϕ. For
Pppp, Ppmm, Pmpm, Pmmp (odd number of p) the dependence is
1
32
(6− 2cos(2ϕ))
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while for Pppm, Ppmp, Pmpp, Pmmm (even number of p) it is
1
32
(2 + 2cos(2ϕ))
It is clear that for the case of ϕ = 0◦ the two terms are equal, while for ϕ = 90◦ the first (second) term interferes
constructively (destructively). In this way the three photon visibility is defined as
V3 = Pppp + Ppmm + Pmpm + Pmmp − (Pppm + Ppmp + Pmpp + Pmmm)
Notice, that for the case of ϕ = 90◦, the 2-photon visibility V2 = 0.
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